Stable isotopes of carbon and nitrogen in fi sh were examined as a potential tracer of exposure to oil sands constituents in naturally eroded environments and in areas of anthropogenic activity (municipal and industrial effl uent discharges; oil sands surface mining) within the Athabasca River drainage basin of northern Alberta, Canada. Longnose sucker (Catostomus catostomus), trout-perch (Percopsis omiscomaycus), and slimy sculpin (Cottus cognatus) showed changes in δ 13 C values with the river gradient. Site-specifi c differences in the δ 13 C values of fi sh were more pronounced for the small-bodied fi sh species in the lower reaches of a tributary (slimy sculpin) and immediately downstream of tributary inputs along the Athabasca River (trout-perch), where potential exposure to the oil sands constituents is elevated. There were also species and site-specifi c trends for δ 15 N values. Site-specifi c trends attributed to municipal or industrial effl uent discharge or tributary inputs may prove to be a useful tool for defi ning residency on the oil sands deposit. This study has provided baseline data of isotope values for fi sh species which are currently used (longnose sucker) or may be used in future environmental effects monitoring programs. Defi ning residency and exposure to the oil sands deposit is critical to establishing exposure-response relationships, particularly since there are new expansions to oil sands mining operations.
Introduction
Since the early 1930s oil sands have been mined from the Athabasca oil sands (AOS) deposit, the largest of four deposits in northern Alberta, Canada. The AOS deposit encompasses an area of approximately 46,000 km 2 , the majority of which is located within the lower Athabasca River drainage basin (58,000 km 2 ) (AEUB 2001; Conly et al. 2002) . Oil sands in this region, found mainly in the McMurray Formation, contain estimated bitumen reserves of 206 x 10 9 m 3 (AEUB 2001), and in many areas are readily mined using surface mining technology. The Athabasca River and several tributaries fl owing through this region are naturally exposed to the McMurray Formation intermittently in the riverbed and/or fairly continuously in the valley walls (Conly et al. 2002) .
Recent studies in the lower Athabasca River basin have provided valuable information on the spatial distribution, nature, and concentrations of oil sands constituents (Headley et al. 2001; Conly et al. 2002; Golder Associates 2002) , and the effects on fi sh species (Tetreault et al. 2003a (Tetreault et al. , 2003b Colavecchia et al. 2004; Colavecchia et al. 2006 ). Levels of alkylated polycyclic aromatic compounds (PACs) as high as 34.7 μg/g have been found in tributary sediments compared with levels of <2 μg/g parent and alkylated PACs in Athabasca River sediments (Headley et al. 2001) . Parent and alkylated PACs, naphthenic acids (NAs), benzothiophenes, and methylcarbozles have also been identifi ed in material extracted from semipermeable membrane devices deployed in rivers within the oil sands area (Parrott et al. 1996) . Naphthenic acids occur naturally at concentrations of 1 to 2 mg/L in the Athabasca River in the region of the oil sands deposit with higher levels (6 to 9 mg/L) in sediment porewater in a region of mining activity (Tar Island Dyke) (FTFC 1995) . In addition, nutrient inputs to the Athabasca River from upstream reaches as well as municipal and industrial discharges in the area of Fort McMurray have been examined as part of the Northern River Basins Study (Culp et al. 2000; Scrimgeour and Chambers 2000) .
Increased oil sands mining activity and refi nery development are recognized areas of environmental concern in this northern river ecosystem (Wrona et al. 2000) . Both the oil sands industry and government agencies acknowledge the potential for release of reclamation and operational water from the oil sands facilities to the Athabasca River (OSWRTWG 1996) . Currently, the Suncor Incorporated Athabasca Oil Sands Project discharges effl uent into the Athabasca River at a rate of approximately 35,000 m 3 /day (Scrimgeour and Chambers 2000) . Due to the natural spatial heterogeneity of contact of the oil sands formation with the Athabasca River and its tributaries, and the potential for additional oil sands mining discharges, defi ning residency and levels of exposure to oil sands constituents for fi sh species is diffi cult. This work was initiated to examine the use of stable isotopes (δ 13 C and δ 15 N) as indicators of exposure of fi sh to oil sands constituents within the Athabasca River basin.
Stable isotope analysis (SIA) has been used in freshwater ecotoxicological studies to trace sewage, pulp mill effl uents, and persistent organic pollutants (Kidd et al. 1994; Kiriluk et al. 1995; Wassenaar and Culp 1996; Farwell 2000; Stapleton et al. 2001; Wayland and Hobson 2001) as well as oil in marine environments (Coffi n et al. 1997) . Petroleum and its associated hydrocarbons have had δ 13 C values reported in the range of approximately -25 to -30‰ (Aggarwal and Hinchee 1991; Kelley et al. 1997; Lapham et al. 1999) . Oil sands constituents, specifi cally the toxic constituents, PACs and NAs, have some potential to be degraded (Kropp and Fedorak 1998; Headley and McMartin 2004; Clemente and Fedorak 2005; Quagraine et al. 2005 ). In addition, PACs are present in invertebrates exposed to oil sands mature fi ne tailings (Ganshorn 2002) . While there is a potential for hydrocarbons from oil sands sources to overlap with the δ 13 C values of other allochthonous and autochthonous sources of carbon fuelling riverine systems (Rounick and Winterbourn 1986; France 1995) , in this preliminary study we were interested in establishing site-specifi c δ 13 C trends. Nitrogen stable isotopes ( 15 N, 14 N) were used to defi ne trophic levels (DeNiro and Epstein 1981) and to determine the infl uence of nutrient sources (municipal and industrial effl uent discharges) on the δ 15 N values of fi sh species.
The objective of this study was to evaluate the use of stable isotopes of carbon ( 13 C, 12 C) and nitrogen ( 15 N, 14 N) as a tool to trace exposure of fi sh to oil sands constituents in naturally eroded environments and in areas of anthropogenic activity (municipal and industrial effl uent discharges; oil sands surface mining) along the Athabasca River and its tributaries. In the Athabasca River, a large-bodied species (longnose sucker, Catostomus catostomus) and a small-bodied sentinel species (troutperch, Percopsis omiscomaycus) that differ in mobility and feeding habits, were examined. Longnose sucker, a highly mobile benthivorous species, were collected at sites upstream of the AOS deposit and on the AOS deposit. On the AOS deposit, longnose sucker and trout-perch were examined from sites upstream and downstream of municipal and oil sands industrial effl uent discharges. Another small-bodied sentinel fi sh (slimy sculpin, Cottus cognatus) was used to examine site-specifi c isotope trends at upper (upstream of AOS deposit) and lower (on AOS deposit) reaches of the Steepbank River, a tributary of the Athabasca River.
Materials and Methods

Description of the Athabasca River Drainage Basin
The Athabasca River is an unregulated river originating in the Rocky Mountains of western Alberta and fl owing northeast through boreal mixed-wood regions to Lake Athabasca (Fig. 1 ). The Athabasca River drainage basin of 155,000 km 2 is a subbasin of the Arctic Ocean drainage basin (Chambers et al. 2000) . The upper reaches of the Athabasca River and/or its tributaries (upstream of the Town of Athabasca) receive continuous discharge from numerous pulp mills and sewage treatment plants (Chambers et al. 2000; Scrimgeour and Chambers 2000) . Further north, in the area of the AOS deposit, the landscape is dominated by boreal forest and muskeg (Conly et al. 2002) . Oil sands, in close proximity to the surface, are actively mined by two oil sands companies with an annual production of 21.5 x 10 6 m 3 of bitumen with planned expansions to 66 x 10 6 m 3 by 2010 (AEUB 2001) . At the town of Fort McMurray, the Athabasca River received a continuous discharge of 14,000 m 3 /d from the municipal sewage treatment plant (STP) in 1994, with nutrient inputs of 27 kg/d of total P and 344 kg/d day of total N (Scrimgeour and Chambers 2000) . The mean annual fl ow of the Athabasca River at Fort McMurray is 650 m 3 ·s -1 with mean monthly fl ows of 180 m 3 ·s -1 in the winter and 1,400 to 1,500 m 3 ·s -1 in July (1994 data; as cited in Conly et al. 2002) . The Clearwater River is the largest tributary that discharges into the Athabasca River in the lower basin. The Clearwater valley walls, while fl anked by the McMurray Formation, are not exposed to the McMurray Formation due to a layer of colluvium, with the exception of outcrops (Conly et al. 2002) . Several small tributaries are exposed to the McMurray Formation, particularly in the lower reaches, in proximity to the discharge into the Athabasca River (Conly et al. 2002) . Approximately 53% of the estimated mean annual suspended sediment load of 1.2 Mt in the region of the AOS deposit originates from the tributaries (35% from the Clearwater River, 18% from other tributaries), with the remainder coming from the upper reaches of the Athabasca (Conly et al. 2002) .
The Steepbank River is 116 km in length with a gradient of 2.4 m/km in the upper reaches, and a steeper gradient of 5.7 m/km in the lower reaches (<20 km from confl uence with the Athabasca River) (Barton and Wallace 1979) . The geomorphology of the Steepbank River basin changes dramatically from unconsolidated material (sandy till, sand, and gravel layers and intermittent muskeg) of the North Steepbank River to shale and sandstones of the Clearwater Formation (overlain on the Fort McMurrary Formation) upstream on the Steepbank River (Conly et al. 2002) . In the lower reaches, the Steepbank River is incised into the oil sands of the McMurray Formation. The Steepbank River has natural sources of oil sands material with sediment PAC concentrations as high as 34.7 μg/g, but is not directly impacted by oil sands surface mining activity (Headley et al. 2001 ).
Sampling Sites-Tributaries and Mainstream Athabasca River
In the fall of 1999 (September 6 to October 4) and 2000 (September 8 to 29), longnose sucker were collected along the Athabasca River at one site upstream of the AOS deposit and two sites within the region of the AOS deposit ( Fig. 1 In 2000 (September 10 to 16), slimy sculpin were collected along the Steepbank River at three sites: SS upper SR, upstream of the AOS deposit (approximately 21 km from the confl uence with the Athabasca River); SS middle SR, downstream on the AOS deposit (approximately 16 km from the confl uence); SS-lower SR, downstream of development on the AOS deposit (approximately 650 m from the confl uence).
Sample Collection and Stable Isotope Analysis (SIA)
Fish were collected with backpack eletrofi shers (troutperch and slimy sculpin) or an electrofi shing boat (longnose sucker). Sex, fork length, and total weight (and carcass weight for small-bodied fi sh) were determined. Dorsal white muscle samples for SIA were placed in 2-ml cryovials and immediately frozen in liquid nitrogen (-80°C) in the fi eld prior to transport to the University of Waterloo. Longnose sucker tissue collected from 10 mature females and 10 mature males per site for each year were prepared for SIA. A minimum of 10 fi sh per site were analyzed for trout-perch and slimy sculpin. At the laboratory, samples were placed in a -20°C freezer prior to SIA preparation. Muscle samples were freezedried and ground with a ball mill grinder in preparation for SIA.
Prepared samples were analyzed for carbon ( 13 C/ 12 C) and nitrogen ( 15 N/ 14 N) isotope ratios using a Micromass VG Isochrom continuous-fl ow isotope ratio mass spectrometer at the Environmental Isotope Laboratory, Department of Earth Sciences, University of Waterloo. δ 13 C and δ 15 N values were calculated from the difference between the isotope ratio (R = 13 C/ 12 C or 15 N/ 14 N) of a sample and a reference standard using the following equation, δX (parts per thousand, or per mille [‰]) = [(R sample -R standard )/R standard ] x 10 3 . The reference standards used to calculate the δ 13 C and δ 15 N values were Pee Dee Belemnite and atmospheric nitrogen (N 2 ), respectively. International Atomic Energy Agency standards were used to monitor an analytical precision of ±0.20‰ and ±0.30‰ for δ 13 C and δ 15 N, respectively, within the range of linearity. For comparisons of the δ 13 C or δ 15 N values of different samples, a more negative value represented a decrease in the quantity of 13 C or 15 N relative to 12 C or 14 N, respectively, and is referred to as 13 C or 15 N depletion. A more positive δ 13 C or δ 15 N value represents an increase 13 C or 15 N and is referred to as 13 C or 15 N enrichment.
Statistics
Data were presented as the mean ± the standard error of the mean (SEM) for fi sh parameters and stable isotope signatures. Signifi cant differences in fi sh length and weight and stable isotopes were determined using a one-way analysis of variance (ANOVA) and Tukey's post hoc test (pairwise comparisons). Statistical analyses were performed at α = 0.05 using SYSTAT 10.0 (SPSS, Chicago, Ill., U.S.A.).
Results
Isotope analyses of dorsal muscle for the three fi sh species examined in this study showed both species-specifi c and site-specifi c trends (Fig. 2) . In the Athabasca River, troutperch were 15 N enriched relative to longnose sucker, which is indicative of different feeding habits between the two species. Site-specifi c trends included a trend toward 15 N depletion of trout-perch at TP middle AR (downstream of Suncor Incorporated discharge) although it was not statistically different (p ≥ 0.135). The 15 N enrichment of longnose sucker at LS middle AR (downstream of STP discharge) was found to be signifi cantly different from LS upper AR (p = 0.037). Slimy sculpin along the Steepbank River were more 15 N depleted than fi sh from the Athabasca River. At the upstream site (SS upper SR), slimy sculpin were more 15 N enriched compared with downstream sites on the deposit.
All fi sh species showed changes in δ 13 C along the river gradient (Fig. 3) . The δ 13 C values of fi sh on the AOS deposit are more 13 C enriched than bitumen collected from both the Syncrude mine site (-30.3‰) and from the Steepbank River (-30.2‰). Longnose sucker and troutperch showed trends of 13 C depletion at sites downstream of the Athabasca River on the AOS deposit (Fig. 3a) . Longnose sucker δ 13 C values were not signifi cantly different between LS upper AR located off of the AOS and either of the downstream sites on the AOS deposit (p ≥ 0.070). The 13 C depletion of trout-perch at TP lower AR was signifi cantly different from the upstream sites (p ≤ 0.004). A different isotope trend was evident for slimy sculpin from the Steepbank River with 13 C depletion upstream of the AOS deposit and progressive 13 C enrichment downstream (Fig. 3b ).
There were no signifi cant differences between sites for length and weight for slimy sculpin or trout-perch (Table 1) , although there were differences in the size of longnose sucker between sites and years (Table 2) . Of the three sites sampled in 1999, both male and female longnose sucker were generally longer and heavier at LS middle AR, however only males had signifi cantly increased length and weight compared with LS upper AR (Table 2) . Longnose sucker analyzed for SIA showed similar trends of increased length and weight at LS middle AR (Fig.  4a) . Longnose sucker of similar size, particularly smaller fi sh (<1,050 g), tended to have 15 N enriched muscle at LS middle AR compared with LS upper AR (Fig. 4b) .
Overall, longnose sucker from LS middle AR were larger in size and slightly more 15 N enriched compared with the upstream and downstream sites (Fig. 4c) .
Differences in longnose sucker size (length and weight) were also evident between the 1999 and 2000 collection years at the LS lower AR site (Table 2) . Both male and female longnose sucker were signifi cantly longer and heavier at LS lower AR in 2000 whereas no differences were found between years at LS upper AR. Trends of increased longnose sucker length and weight at LS lower AR in 2000 were also evident in the samples analyzed for SIA (Fig. 5a ). The population of averagesized longnose sucker collected in 1999 was slightly 15 N enriched compared with the larger longnose sucker collected in 2000 (Figure 5b , c). The fi sh species examined in this study had distinct δ 15 N values related to differences in habitat and feeding habit. Forage fi sh (trout-perch) were more 15 N enriched relative to benthivorous fi sh (longnose sucker), consistent with the δ 15 N trends for the same two species collected from a tributary of the Moose River (Ontario, Canada) (Farwell 2000) . In the lower reaches of the Athabasca River of this study, longnose sucker were more 15 N enriched compared with longnose sucker from the upper reaches (Hinton area) (Hesslein and Ramlal 1992), however direct comparisons between these studies are complicated by factors including pulp mill and sewage effl uent discharge at Hinton (Chambers et al. 2000; Culp et al. 2000; Scrimgeour and Chambers 2000) . In other studies of the midreaches of the Athabasca River, Dubé et al. (2005) found 15 N enrichment of longnose sucker downstream of effl uent discharges from pulp and paper mills and municipal sewage treatment.
There are many factors that contribute to the δ 15 N of consumers including site-specifi c natural and/or anthropogenic sources of N. Changes in the δ 15 N values of longnose sucker with a shift to 15 N enrichment at LS middle AR relative to LS upper AR may be a function of isotope fractionation associated with differences in nutrient status (N, P, or N + P limitation) between sites. Previous studies along the Athabasca River have shown N + P limitation in the region of LS upper AR to upstream of Fort McMurray (Scrimgeour and Chambers 2000) . At Fort McMurray, the Athabasca River is nutrient saturated due to nitrate inputs from the Clearwater River (non-nutrient limited) as well as ammonium (344 kg/d total N) and P inputs (27 kg/d total P) from STP discharge, resulting in increased epilithic biomass up to 3 km downstream of the sewage discharge (Scrimgeour and Chambers 2000) . If N + P are limited, as is the case upstream (LS upper AR), the preferential use of the lighter N isotope ( 14 N) by periphyton may result in depleted 15 N periphyton. However, if nutrients are saturated (LS middle AR), a higher rate of productivity may lead to less discrimination in the use of 14 N and 15 N, thus the potential for 15 N enriched periphyton and longnose sucker. Peterson and Fry (1987) found that the δ 15 N values of phytoplankton in lake ecosystems varied depending on nutrient limitation. Other studies have shown 15 N enriched particulate organic matter in eutrophic lakes relative to oligotrophic lakes (Gu et al. 1996) , and 15 N enriched white sucker muscle from a river with elevated P (Farwell 2000) .
The shift to 15 N enrichment of longnose sucker at LS middle AR may also be a function of the availability of different quantities and qualities of N infl uencing the δ 15 N at the base of the food web. Sources of N in the form of nitrate and ammonia have been found to infl uence the δ 15 N of primary and secondary consumers (Wayland and Hobson 2001) . Generally, animal and human wastes are more 15 N enriched compared with natural and fertilized soils, ammonia, and nitrate sources from fertilizers or the atmosphere (Kendall 1998). Sources of N downstream of Fort McMurray include nitrate from the Clearwater River and ammonia from sewage discharge. Given the increase in periphyton biomass downstream of the sewage discharge at Fort McMurray (Chambers et al. 2000) and the enriched 15 N of sewage wastewater (Jordan et al. 1997; Wayland and Hobson 2001) , it is possible that N from a sewage source was an important contributor to the 15 N enrichment of longnose sucker at LS middle AR. Nutrient enrichment, as indicated by the 15 N enrichment of longnose sucker at LS middle AR, would explain the larger fi sh size at this site compared with the upstream site (LS upper AR) in 1999. In the Moose River basin, 15 N enriched white sucker (Catostomus commersoni) also showed trends of increased body weight and condition factor which were attributed to nutrient status (elevated P) (Farwell 2000) . A shift to 15 N depletion farther downstream (LS lower AR) relative to the LS middle AR site, similar to LS upper AR, suggests that the Fort McMurray STP discharge either does not contribute a signifi cant or detectable source of N utilized by the benthic food web at a distance of 35 to 40 km downstream and thus δ 15 N values return to reference levels, or that there are competing 15 N depleted sources available at this downstream site.
The observed increase in size of longnose sucker at LS lower AR from 1999 to 2000, which is greater than the variability between years at LS upper AR and between sites in 1999, may be a function of fi sh residency. In 2000, the population sampled at LS lower AR was larger in size and had slightly more 15 N depleted muscle. In this area, there are inputs of total P (7 kg/d) and total N (42 kg/d) from Suncor Inc. effl uent discharged at a rate of 35,000 m 3 /day (upstream of LS lower AR), and the area is classifi ed as nutrient nonlimited (Scrimgeour and Chambers 2000) . Although information on the characteristics of the effl uent (sources/concentrations of N, effl uent δ 15 N) and discharge rates are limited, the increased size and 15 N depletion of longnose sucker (LS lower AR, 2000) may be due to the source of N in the Suncor Inc. effl uent. Trout-perch collected in the same area, immediately downstream of Suncor Inc. discharge (TP middle AR), were also slightly more 15 N depleted and slightly heavier compared with those from the other sites. Also, in this area longnose sucker have access to the Steepbank River where 15 N depleted dietary items are available based on the 15 N depletion of slimy sculpin from this tributary. If the 2000 population of longnose sucker was predominantly resident, as suggested by SIA, then it is probable that the 1999 population was mainly from farther downstream where there are no industrial or municipal discharges. This fi nding emphasizes the importance of multiple sampling periods and the use of SIA as a tool to assist in defi ning residency for environmental assessments.
The δ 15 N values for slimy sculpin from the Steepbank River were lower than the δ 15 N values of both fi sh species collected along the Athabasca River. Comparisons of 15 N in slimy sculpin between different watersheds indicated that the Steepbank River slimy sculpin were more 15 N depleted. However, the differences seen here between sites were similar to differences seen in slimy sculpin from a forested catchment of the Little River (New Brunswick, Canada) (Gray et al. 2004 ). The shift from 15 N enrichment of slimy sculpin upstream (SS upper SR) to 15 N depletion at downstream sites on the deposit may be a function of the change in physical habitat (increased gradient, increased fl ow) infl uencing the δ 15 N values of periphyton. Also, the sources and δ 15 N of N available for primary productivity may be different due to the dramatic changes in geology since the Steepbank River fl ows downstream through the oil sands deposit. However, the change may also be a function of a shift in the trophic position of slimy sculpin feeding downstream on the AOS deposit where the diversity of the benthic invertebrate community is lower relative to upstream (Barton and Wallace 1979) .
δ 13 C Trends
The fi sh species showed varying δ 13 C trends along the river gradient with 13 C depletion of longnose sucker and trout-perch and 13 C enrichment of slimy sculpin at distances downstream on the AOS deposit. Slimy sculpin from the Steepbank River showed the most noticeable change in δ 13 C values (~ 2‰) with a shift from 13 C depletion upstream to 13 C enrichment downstream on the AOS deposit. Determinations of the spatial distribution of PACs showed increased levels of PACs (34.7 μg/g) in the lower reaches of the Steepbank River (Headley et al. 2001) . Total PACs in the sediments were found to be elevated in the tributaries compared with the Athabasca River (<2 μg/g) (as cited in Headley et al. 2001) , which may explain the more pronounced changes in the δ 13 C values of this sentinel fi sh species collected from the tributary.
The infl uence of tributary inputs along the Athabasca River was evident with the small sentinel fi sh species. The 13 C depletion of trout-perch downstream of the discharge from the Muskeg River (TP lower AR) suggests that C sources from the Muskeg River may contribute to the δ 13 C values of trout-perch. Although suspended sediment loads from tributaries (not including the Clearwater River) only account for 18% of the inputs to the Athabasca River (Conly et al. 2002) , these inputs may be a signifi cant source of organic oil sands material as refl ected in the δ 13 C values of fi sh. The Muskeg River basin is considered to be directly impacted by the oil sands surface mining operation (Headley et al. 2001) .
The contribution of C from industrial effl uent sources (Suncor Inc.) could not be differentiated from C sources in the receiving environment by the troutperch isotope data. The similarity of the δ 13 C values for trout-perch upstream and downstream of the Suncor Inc. discharge (TP upper AR; TP middle AR) suggests that the δ 13 C values of C sources from oil sands industrial effl uent are similar to background C sources and/or the discharge is not of signifi cant quality or quantity to alter the δ 13 C values of organisms at this trophic level. Low levels of oil sands constituents (mixtures of PACs, alkylated PACs, and NAs) ranging from 0.1 to 1 μg/L have been measured in oil sands refi nery effl uents (as cited in Wrona et al. 2000) .
Although there were different δ 13 C trends with a shift to 13 C enrichment of slimy sculpin along the Steepbank River (mean δ 13 C downstream, -27.0‰) and 13 C depletion of trout-perch (mean δ 13 C downstream, -26.8‰) along the Athabasca River, the mean δ 13 C values converge at -27‰ at the farthest downstream site on the oil sands deposit for these small-bodied fi sh species. The similarity of the δ 13 C values at downstream sites for fi sh species that differ in feeding habits may indicate the contribution of energy sources derived from oil sands constituents. The δ 13 C values for slimy sculpin and trout-perch are approximately 3.0‰ more 13 C enriched than bitumen (δ 13 C, -30.3‰ ± 0.1), which is consistent with a 1‰ enrichment per trophic level from source to consumer (DeNiro and Epstein 1978) . However, determining the contribution of C sources from oil sands is complicated as little is known about the isotope fractionation associated with the degradation of bitumen and its associated hydrocarbons. Isotope studies have shown that under certain conditions there is no C isotope fractionation associated with aerobic bacterial degradation of some PACs (Mazeas et al. 2002) ; however, PACs represent only one group of compounds within the complex mixture of oil sands constituents.
Longnose sucker, a more mobile fi sh species, showed the least change in δ 13 C values for sites on and off of the AOS deposit, although there was a progressive 13 C depletion from upstream to downstream on the AOS deposit. Longnose sucker were more 13 C depleted at all three sites compared with a previous isotope study of longnose sucker from the upper reaches of the Athabasca River (Hesslein and Ramlal 1992); however, comparisons between these studies are complicated by anthropogenic inputs in both studies. Given the morphology of the Athabasca River basin, and the level of natural and anthropogenic infl uences along the Athabasca River, it is diffi cult to assess whether the 13 C depletion observed in this study is associated with the oil sands or whether it is due to the natural gradient. Studies of white sucker in northern Ontario showed a similar trend with 13 C depletion along a river gradient (Farwell 2000) . It is possible that the δ 13 C values of longnose sucker in this study may be infl uenced by the δ 13 C values of organic sources originating from the oil sands (δ 13 C of bitumen; -30.3‰ ±0.1) and from competing uncharacterized C sources in effl uent discharged from the Fort McMurray STP (LS middle AR). However, Wayland and Hobson (2001) found that effl uent derived C was not detected in suspended sediments or algae downstream of the discharge, although the δ 13 C values for material in municipal sewage were distinct from background conditions in the receiving environment.
Conclusions
This study has provided baseline data of isotope values for fi sh species (longnose sucker) which are currently used in environmental effects monitoring programs. Similar to the Dubé et al. (2005) study, the δ 15 N values of longnose sucker in this study provided the most information in terms of residency even with subtle changes in the δ 15 N values. The potential use of δ 15 N values to refl ect N from anthropogenic sources originating from municipal and industrial effl uents is important in establishing residency of highly mobile fi sh in areas of oil sands mining activity and thus is a valuable tool for assessing exposure to oil sands areas. However, additional isotope information on N sources from tributaries and point-source discharges as well as dietary items from these areas would be benefi cial for defi ning residency. All the fi sh species showed changes in the δ 13 C values along the river gradient, however no trends associated with exposure to oil sands constituents could be established for longnose sucker. Similar δ 13 C values (-27‰) for the smaller sentinel species were associated with elevated exposure to oil sands constituents along the Steepbank River (slimy sculpin) and inputs from a tributary (Muskeg River) (trout-perch) impacted by oil sands activity. Additional C isotope information on sources and dietary items in the tributaries would contribute to the understanding of carbon dynamics in this riverine system. Dual analyses of C and S isotopes may provide further information on residency within oil sands exposed tributaries versus the main stream for more mobile fi sh species such as longnose sucker.
